1. Introduction {#sec1}
===============

Coal floatability is an overall reflection of properties influenced by many factors, such as the metamorphic grade, surface oxidation, impurity composition, particle size, and so on.^[@ref1],[@ref2]^ The floatability of coal is directly related to the operation quality of the flotation process. An accurate evaluation of coal floatability is beneficial to the prediction of flotation results, which can be a reference for the design of a flowsheet.

Various procedures for coal floatability evaluation have been available for quite some time.^[@ref3]^ Most of these methods are based on the results of the laboratory flotation test. In release analysis^[@ref4],[@ref5]^ and tree analysis^[@ref6],[@ref7]^ procedures, multistage flotation with cleaner or scavenger steps are conducted in a laboratory batch cell. The coal samples are properly fractionated according to grade; a yield--ash curve could be constructed to characterize flotation performance. The main disadvantage is that they are time consuming and rather tedious. Based on Zisman's concept of critical surface tension, Hornsby and Leja^[@ref8]^ developed small-scale frothless flotation tests in methanol solutions with different surface tensions to collect various products of varying floatabilities by which a cumulative yield versus cumulative ash data of floats and rejects were obtained. Dobiáš^[@ref9]^ used a modified Hallimond tube to study the mineral floatability from kinetic data. This technique is simple, reproducible, and well accepted. Since the flotation is a time--rate recovery process, flotation kinetics tests were conducted to establish a model that incorporates both a recovery and a rate function.^[@ref10]−[@ref12]^ The higher the flotation rate and combustible recovery is, the better the coal floatability. The advantage of this procedure is that it is easy to gain the variation of coal floatability in the flotation process.

Besides the flotation procedures, testing techniques have also been used to characterize mineral floatability.^[@ref13],[@ref14]^ Sun^[@ref13]^ proposed a surface component hypothesis and derived an equation to calculate the floatability index using the results of an elemental analysis. However, it is quite difficult to conduct such complete chemical analyses. Another drawback is that since the analysis is based on the bulk sample, the influence of surface oxidation on floatability is not considered, leading to invalid results. Contact angle measurements^[@ref14]^ are widely used for testing the hydrophobicity of minerals. Minerals with high contact angles have a high affinity for bubbles, indicating a good floatability. For this reason, the contact angle is considered to be a simple and important tool for flotation research. However, a quantitative relationship between the contact angle and flotation results has not been established yet.

Recently, induction time measurements have been widely used to assess coal floatability.^[@ref15]−[@ref17]^ A shorter induction time corresponds to a better floatability. Although an exponential decay relationship between the microflotation rate and back-calculated induction time was established in a reported work;^[@ref18]^ it is still a great challenge to quantitatively link the flotation rate with experimentally measured induction time. The bubble deformation and the loose state of the particle bed during the measurement can affect the accuracy of the test results. Atomic force microscopy (AFM)^[@ref19],[@ref20]^ can also define floatability by measuring the interaction force between a bubble and a particle. Only a small amount of the sample is needed in the AFM force tests.

The objective of this paper is to propose a new approach for floatability evaluation based on bubble--particle attachment kinetics (BPAK) and bubble--particle detachment kinetics (BPDK) tests. Compared to the above tests, this method takes into account the dynamic characteristics of the flotation process, and it allows for fast experiments with low sample consumption. In this method, the coating angle as a function of time in attachment and detachment processes were measured and fitted to a first-order model. For comparison, flotation tests, contact angle measurements, and induction time measurements were also carried out on coal samples with different densities. Parameters obtained in these methods were listed and compared to figure out which approach best approximates the flotation response.

2. Results and Discussion {#sec2}
=========================

2.1. Flotation Kinetics Results {#sec2.1}
-------------------------------

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} gives the cumulative combustible recovery of various density fractions versus flotation time. It is obvious that the recovery of the three coal samples decreased in the following order: −1.4, 1.4--1.6, and +1.6 g/cm^3^. The flotation test data were fitted to the first-order rate equation using a nonlinear regression:^[@ref12],[@ref21]^

![Combustible recovery as a function of time for different density coal particles.](ao0c01630_0001){#fig1}

The fitting parameters, including the ultimate combustible recovery (*R*~max~), flotation rate constant (*k*), and correlation coefficient (*R*^2^) are respectively shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. Evaluating the floatability of coal by either *R*~max~ or *k* alone can sometimes be misleading. The modified flotation rate constant introduced by Xu,^[@ref12]^ expressed as *k*\* = *R*~max~ × *k*, is considered to be a good assessment of floatability. The values of *k*\* for three density fractions were calculated and are presented in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The −1.4 g/cm^3^ particles appeared to have the highest *k*\* followed by 1.4--1.6 and + 1.6 g/cm^3^ particles. This indicates that the floatability of coal particles is ranged as: −1.4 \> 1.4--1.6 \> +1.6 g/cm^3^.

###### Fitting Results of Flotation Kinetics Tests with the First-Order Model

  density fractions (g/cm^3^)   --1.4    1.4--1.6   +1.6
  ----------------------------- -------- ---------- --------
  flotation kinetics                                 
  *R~max~*                      87.32    78.59      6.20
  *k*                           0.059    0.043      0.045
  *R*^2^                        0.9996   0.9927     0.9950
  *k*\* = *R*~max~ × *k*        5.139    3.417      0.281

2.2. Induction Time Results {#sec2.2}
---------------------------

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} is a plot of the attachment probability against contact time for coal particles with different densities. It is evident that the attachment probability increased with increasing contact time. Induction time *t*~ind~ was defined as the contact time that resulted in 50% of attachment probability. The induction time of −1.4 and 1.4--1.6 g/cm^3^ particles were 8.34 and 11.25 ms, respectively, while the induction time of +1.6 g/cm^3^ particles could not be obtained due to the extremely poor floatability, indicating a decreasing floatability with the increase of coal density, which was qualitatively consistent with the results of flotation experiments. However, a quantitative relationship between the induction time and flotation rate constant cannot be established as the induction time of +1.6 g/cm^3^ particles does not exist.

![Induction time of coal particles with different densities.](ao0c01630_0002){#fig2}

2.3. Contact Angle Results {#sec2.3}
--------------------------

The contact angles of three density fractions were 64.5, 64.0, and 29.9°, respectively. A hydrophobicity index (1 -- cosα), was proposed and calculated in this work to evaluate the floatability of coal particles based on the work of the adhesion equation: *W*~SG~ = γ~SG~(1 -- cosα). The greater the (1 -- cosα) is, the greater the work of adhesion between the particle and the bubble.^[@ref21]^ Corresponding to the contact angle, the value of (1 -- cosα) for the −1.4 and 1.4--1.6 g/cm^3^ particles were almost the same (0.5695 and 0.5616, respectively), quite higher than that of +1.6 g/cm^3^ particles (0.1331). The relationship between (1 -- cosα) and *k*\* were presented in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. Obviously, (1 -- cosα) showed poor correlation with *k*\*. Thus, evaluating the floatability by contact angle measurements is not very accurate. This is because the hydrophobicity expressed as contact angle is a thermodynamic characteristic, while floatability is a kinetic characteristic.^[@ref22]^

![Hydrophobicity index (1 -- cosα) versus modified flotation rate constant (*k*\*) for coal particles.](ao0c01630_0003){#fig3}

2.4. BPAK Results {#sec2.4}
-----------------

During the attachment process, the coating angle as a function of time for different density coal samples is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. For all density fractions, the coating angle increased with increasing the attachment time. The bubbles had already been fully coated by particles at 75 s, reaching the maximum coating angle of ∼65° for −1.4 and 1.4--1.6 g/cm^3^ density fractions. For +1.6 g/cm^3^ coal particles, the attachment kinetics was much slower, only 36° at 300 s. The maximum coating angle θ~max~ and attachment rate constant *k*~a~ were extracted by fitting the experimental data with the first-order kinetics model ([eq. [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}) and are presented in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

![Coating angle as a function of time for different density coal particles in BPAK tests.](ao0c01630_0004){#fig4}

###### Fitting Results of BPAK and BPDK Tests with the First-Order Model

  density fractions (g/cm^3^)       --1.4    1.4--1.6   +1.6
  --------------------------------- -------- ---------- --------
  attachment kinetics                                    
  θ~max~                            65.82    65.24      34.95
  *k*~a~                            0.071    0.050      0.016
  *R*^2^                            0.9928   0.9873     0.9733
  *k*~a~^\*^ = θ~max~ × *k*~a~      4.673    3.262      0.559
  detachment kinetics                                    
  θ~max~^′^                         47.63    54.94      30.24
  *k*~d~                            0.087    0.143      1.124
  *R*^2^                            0.9695   0.9895     0.9571
  *k*~d~^\*^ = θ~max~^′^ × *k*~d~   4.150    7.881      34.004

To take both θ~max~ and *k*~a~ into account, a modified attachment rate constant *k*~a~^\*^ was defined as *k*~a~^\*^ = θ~max~ × *k*~a~. High *k*~a~^\*^ represents good floatability. The *k*~a~^\*^ values of coal particles with different densities were compared and exhibited the following order: *k*~a, -- 1.4~^\*^ \> *k*~a,1.4 -- 1.6~^\*^ \> *k*~a, + 1.6~^\*^. From the aspect of attachment kinetics, the sequence of floatability was −1.4 \> 1.4--1.6 \> +1.6 g/cm^3^, which showed great agreement with flotation kinetics tests.

To establish a relationship between BPAK tests and flotation response, the results showing the relationship between *k*~a~^\*^ and *k*\* are presented in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. *k*~a~^\*^ showed a significant positive correlation with *k*\*. The *R*^2^ value was greater than 0.999, demonstrating that the linear equation has good fitness to the data. Given this close linear correlation between *k*~a~^\*^ and *k*\*, flotation kinetics can be predicted by testing attachment kinetics in turn. Compared to induction time and contact angle measurements, BPAK simulates the conditions in conventional flotation cells.

![Modified attachment rate constant (*k*~a~^\*^) versus modified flotation rate constant (*k*\*) for coal particles.](ao0c01630_0005){#fig5}

2.5. BPDK Results {#sec2.5}
-----------------

The variations of coating angles in the detachment process with time are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. Obviously, the coating angle decreased gradually as the detachment proceeded, reaching a minimum in the end. For −1.4 g/cm^3^ coal particles, the coating angle θ decreased from 65 to 18° after 60 s of vibration, while the minimum value of θ for the 1.4--1.6 and + 1.6 g/cm^3^ particles are only 10 and 8°, respectively. A first-order exponential decay equation was employed to describe the bubble--particle detachment kinetics:where θ~0~ is the initial coating angle, θ~min~ is the minimum coating angle remained after vibration, and *k*~d~ is the detachment rate constant. By defining the decrement of coating angle as θ^′^ = θ~0~ -- θ(*t*), the equation can be transferred to [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}.

![Coating angle as a function of time for different density coal particles in BPDK tests.](ao0c01630_0006){#fig6}

As seen from the fitting results shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, the +1.6 g/cm^3^ particles exhibited the highest *k*~d~ and the lowest θ~max~^′^. In this case, a comparison of the floatability of coals by only θ~max~^′^ or *k*~d~ may draw incorrect conclusions. Similar to BPAK tests, the modified detachment rate constant *k*~d~^\*^ is defined as the result of multiplying *k*~d~ and θ~max~^′^, *k*~d~^\*^ = θ~max~^′^ × *k*~d~. Low *k*~d~^\*^ means that it is difficult for particles to detach from the bubbles, i.e., good floatability. A sequence of floatability was obtained by comparing the *k*~d~^\*^ of different density particles: −1.4 \> 1.4--1.6 \> +1.6 g/cm^3^, which is consistent with the flotation kinetics tests results.

The inverse of the modified detachment rate constant, 1/*k*~d~^\*^, was used for linear fitting with the *k*\* ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). A low *R*^2^ value implies that the detachment kinetics is not well correlated with the flotation kinetics. A possible explanation for this may be as follows: In BPDK tests, the actuator drives the bubble--particle aggregate up and down. In this case, the detaching force due to vibration is approximately regarded as the tensile force (normal direction). While in flotation kinetics tests, the stresses due to tensile (normal direction) and shear forces (tangential direction) are both responsible for the bubble--particle detachment; the latter was not took into consideration in BPDK tests. Consequently, the *k*~a~^\*^ obtained in BPAK tests is considered to be a better criterion for floatability than 1/*k*~d~^\*^ obtained in BPDK tests.

![Inverse of the modified detachment rate constant (1/*k*~d~^\*^) versus modified flotation rate constant (*k*\*) for coal particles.](ao0c01630_0007){#fig7}

Results also showed that the *k*~a~^\*^ was negatively correlated with *k*~d~^\*^, as expected. The reason may be as follows: The *k*~a~^\*^ reflects the dynamics of the bubble--particle attachment process, which is dominated by surface forces. Among them, the hydrophobic force is the fundamental driving force for bubble--particle attachment, with its strength positively correlated with the particle contact angle. The greater the contact angle, the greater the hydrophobic force promoting the attachment. Correspondingly, the *k*~d~^\*^ reflects the dynamic of the bubble--particle detachment process. According to the force analysis on the three-contact perimeter, detachment occurs when the detaching force exceeds the adhesive force. The adhesive force is positively related to the contact angle. The greater the contact angle is, the greater the adhesive force hindering the detachment.

3. Conclusions {#sec3}
==============

A new approach based on bubble--particle attachment kinetics and detachment kinetics tests were carried out to evaluate the floatability of coal particles with different densities. A sequence of floatability was obtained as: −1.4 \> 1.4--1.6 \> +1.6 g/cm^3^, which was consistent with flotation kinetics, contact angle, and induction time tests.

The *k*\* obtained in flotation kinetics was used as a yardstick to assess the accuracy of floatability evaluation methods. By individually fitting *k*\* to indexes obtained in other tests, *k*\* was found to follow a closer linear relationship with *k*~a~^\*^ rather than 1/*k*~d~^\*^ and then (1 -- cosα), so that *k*\* could be quantitatively predicted by *k*~a~^\*^ obtained in BPAK tests. Consequently, the modified attachment rate constant *k*~a~^\*^ is thought to be a good criterion for floatability evaluation.

The BPAK tests provide dynamic characteristic of the flotation process at the bubble--particle scale, offering a new sight into the evaluation of floatability. The applicability of this technique to different types of coal and minerals needs to be expanded in the future work.

4. Experimental Section {#sec4}
=======================

4.1. Material and Sample Preparation {#sec4.1}
------------------------------------

Anthracite coal samples obtained from the Xuehu coal preparation plant (Henan Province, China) were crushed using a laboratory roll crusher. A size fraction of 0.2--0.4 mm was collected by a wet screening process. A float--sink test was carried out to divide these 0.2--0.4 mm samples into three density fractions: −1.4, 1.4--1.6, and +1.6 g/cm^3^. The ash contents of these samples were analyzed to be 7.81, 28.71, and 85.25%, respectively. All these experiments were conducted at a room temperature of 20 °C.

4.2. Methods {#sec4.2}
------------

### 4.2.1. BPAK {#sec4.2.1}

A bubble--particle attachment and detachment test system was set up and shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. For BPAK tests, 4 g of coal particles were placed in a square container containing 200 mL deionized water. A magnetic stirrer at 1000 rpm was used to mix and disperse the pulp completely. To make the pulp clear enough for photography, the upper turbid pulp was poured out carefully after 1 min sedimentation, and then fresh water was added. For each test, an air bubble of 3 mm in diameter was formed at the end of the capillary tube using a syringe, 4 cm below the liquid level. The suspension was agitated at a speed of 250 rpm. The bubble images were captured after 10, 20, 30, 40, 50, 60, 75, 90, 120, 180, and 300 s. The coating angle θ is defined as the average coverage angle of the particles on the bubble.^[@ref23]^

![Schematic of the bubble--particle attachment and detachment test system.](ao0c01630_0008){#fig8}

### 4.2.2. BPDK {#sec4.2.2}

Detachment tests were carried out to study the detachment kinetics of the bubble--particle aggregate. In this work, a square wave generated by the oscillator with an amplitude of 1.0 mm, a frequency of 10 Hz, and a duty ratio of 10% is selected. At the beginning of the test, a bubble--particle aggregate with a maximum attachment angle was obtained as the initial angle θ~0~. Then, the magnetic stirrer was turned off. During the vibration operation, particles detached from the bubble, and a time series analysis of coating angle θ were conducted with the help of a digital camera and imaging software.

### 4.2.3. Flotation Kinetics {#sec4.2.3}

Flotation kinetics tests were conducted on a laboratory flotation machine of 0.5 L capacity. The impeller speed and pulp density were kept constant at 1800 rpm and 60 g/L, respectively. An adequate dosage of frother (sec-octyl alcohol), 200 g/t, was chosen to generate enough bubbles for the flotation of coal particles. No collector is added to keep unanimous with other tests. During the flotation process, six concentrates were collected at 15, 30, 60, 120, 180, and 300 s and placed into separate containers. All the flotation product samples were individually filtered, dried, and weighed to obtain their yields and ash contents. The combustible recovery was calculated using the formula as follows:where γ~i~ is the yield of products and *A*~i~ and *A*~f~ refer to the ash content of the products and feed for flotation, respectively.

### 4.2.4. Induction Time {#sec4.2.4}

Induction time measurements were also conducted on the test system in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. A thin monolayer of coal particles (1.0 g) were placed in a shallow cell containing 10 mL deionized water. Inside the cell, a bubble with 3 mm diameter was produced at the end of the capillary tube using a syringe and then was moved to the initial position of 0.15 mm above the particle bed. The travel distance of the actuator was 0.5 mm. The bubble was brought into contact with the particles for different preset time and a camera was used to check whether the attachment occurred. Each measurement was repeated for 20 times.

### 4.2.5. Contact Angle {#sec4.2.5}

Contact angle measurements were conducted on a drop shape analyzer (DSA100, KRUSS, Germany) using the pendant droplet method. Coal samples were ground to −0.074 mm and pressed into a plate. This plate was then placed on the platform and controlled to contact with a pendant droplet. Images were recorded and analyzed to determine the water contact angle α. Each sample was tested five times.
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